Abstract. Proline-, glutamic acid-and leucine-rich protein-1/ modulator of non-genomic activity of estrogen receptor (ER) (PELP1/MNAR) is a novel nuclear receptor (NR) co-activator that plays an essential role in the actions of ER. Emerging findings suggest that PELP1/MNAR is a novel proto-oncogene, whose expression is deregulated in several hormone-responsive cancers, including endometrial cancer. In this study, we demonstrate that PELP1/MNAR is widely expressed in endometrial carcinoma cell lines. To investigate its possible role in endometrial carcinoma progression, we adopted an RNA interference technology to downregulate PELP1/MNAR expression in Ishikawa endometrial carcinoma cells. PELP1/MNAR downregulation substantially reduced cell proliferation, and the cells in which PELP1/MNAR expression was knocked down also exhibited a decreased migration and invasion ability, as shown by Boyden chamber and invasion assays. The results showed that the expression of MMP-2 and MMP-9 was also decreased. These results suggest that PELP1/MNAR plays a role in endometrial cancer progression and metastasis, and that PELP1/ MNAR may be a potential therapeutic target for endometrial cancer.
Introduction
Endometrial carcinoma is one of the most common malignancies in women, and its incidence has recently increased in both developed and developing countries (1) . Approximately 70-80% of human endometrial cancers begin as hormone-dependent, and long-term estrogen stimulation without progesterone counteraction plays an important role in tumorigenesis (2, 3) . However, the molecular basis of endometrial carcinoma remains poorly understood.
The biological effects of estrogen are mediated by the estrogen receptor (ER), which has 2 subtypes, ERα and ERβ (4, 5) . Emerging evidence suggests that ER is a key transcriptional regulator in hormone-associated cancer biology, including endometrial cancer. The mechanisms of ER are complex and involve genomic as well as non-genomic signaling events (6, 7) . Upon binding to E2, ligand-activated ERs bind to ER-responsive elements and modulate the respective gene expression (genomic signaling), and ERs also participate in transcription-independent functions (non-genomic action) through the activation of cytosolic signaling pathways, including the Src, MAPK and protein kinase B (AKT) pathways (7) (8) (9) . ER function is modulated by co-regulators (10, 11) . Advances in research during the past decade have identified several novel proteins as being ER co-regulators, with each co-regulator playing an important and a non-overlapping function (10) (11) (12) (13) (14) (15) (16) (17) (18) .
Proline-, glutamic acid-and leucine-rich protein-1; also known as modulator of non-genomic activity of ER (PELP1/ MNAR), is a novel ER co-activator that plays an essential role in the mechanisms of ER (19) . Compared with other ER co-regulators, PELP1/MNAR is unique, as it modulates the function of ERα and ERβ and is involved in genomic as well as non-genomic signaling events (20) (21) (22) . PELP1 is also a general co-regulator for a number of nuclear receptors (NRs), including ER, ER-related receptor (ERR), progesterone receptor (PR), glucocorticoid receptor (GR), androgen receptor (AR) and transcription factors, such as E2F, four and a half LIM domain protein 2 (FHL2) and signal transducer and activator of transcription 3 (STAT3) (23, 24) . Emerging findings suggest that PELP1/MNAR is a novel proto-oncogene. Its expression is deregulated in several hormone-responsive cancers, including breast, ovary, endometrial and prostate cancer (24) (25) (26) (27) (28) . The overexpression of PELP1/MNAR in fibroblasts and epithelial model cells results in cellular transformation and breast cancer cells stably overexpressing PELP1/MNAR have shown rapid tumor growth in xenograft studies (25) . Endogenous PELP1/ MNAR is also required for optimal ligand-mediated transcription and proliferation responses in endometrial cancer cells (27) . However, the molecular mechanism(s) responsible for its oncogenic function in endometrial carcinoma remains unclear.
In this study, we examined PELP1/MNAR expression in various endometrial cancer cell lines, and used a lentiviral vector-based RNA interference expression system targeting PELP1/MNAR to obtain a stable transcript knockdown and a high efficiency of RNAi delivery. We aimed to determine the effect of the downregulation of PELP1/MNAR on the proliferation, migration and invasive potential of endometrial cancer cells with or without estrogen stimulation in an attempt to provide a new strategy for hormonal carcinogenesis prevention and new therapy opportunities for the treatment of endometrial carcinoma.
Materials and methods
Reagents. PELP1/MNAR antibodies for western blot analysis were purchased from Abicam (Beverly, MA, USA), PELP1/MNAR antibodies for immunocytochemistry were purchased from Novus Biologicals (Littleton, CO, USA), horseradish, peroxidase (HRP)-conjugated goat anti-rabbit secondary antibodies were purchased from Santa Cruz Biotechnology Inc., (Santa Cruz, CA, USA) and GAPDH was purchased from Biosynthesis Technology (Beijing, China). ERα and ERβ antibodies were purchased from Dako (Glostrup, Denmark). 17-Estradiol (purity ≥98%; cat. no. E8875) was purchased from Sigma Chemicals (St. Louis, MO, USA).
HEC Western blot analysis. To detect the expression of PELP1/ MNAR protein in different endometrial carcinoma cell lines, we performed western blot analysis, and used cervical cancer HeLa cell as the control. Ishikawa, HEC-1A, HEC-1B, AN3CA, RL-952 and HeLa cells were lysed using the KeyGen Total Protein Extraction kit (KeyGen, Nanjing, China) according to the manufacturer's instructions. The lysates were centrifuged at 4˚C 14,000 rpm for 20 min. The supernatants were collected and the concentrations of the supernatants were measured with a BCA protein assay kit (Pierce, Rockford, IL, USA). Protein (25-30 µg) was applied per lane and separated by 8-12% SDS polyacrylamide gel electrophoresis, then transferred onto polyvinylidene difluoride membranes (Millipore, Billerica, MA, USA). The membranes were incubated with blocking buffer for 60 min at room temperature. The blocking buffer consisted of 5% non-fat dry milk dissolved in Tris-buffered saline containing 0.1% Tween-20 (TBS-T). After washing the membranes with TBS-T, they were immunoblotted overnight at 4˚C and were incubated with rabbit anti-human PELP1/ MNAR (1:300), at 4˚C overnight. The membranes were washed with TBS-T 3 times, and subjected to HRP-conjugated secondary antibody for 60 min at room temperature. Proteinantibody complexes were visualized with an ECL western blot detection system (Pierce). Western blot films were digitized, net band intensities were quantified using the Quantity One Image System and GAPDH expression levels were used to further normalize the loading amount. Each experiment was repeated 3 times to assess the consistency of the results.
Immunocytochemistry. For immunocytochemical staining, the Ishikawa, HEC-1A and AN3CA cells were plated on coverslips and cultured for 48 h. The coverslips were fixed in 4% paraformaldehyde for 30 min at room temperature, washed in PBS, and permeabilized for 10 min with 0.25% Triton X-100 in PBS. The cell coverslips were then incubated with 0.3% H 2 O 2 in PBS for 15 min. After washing in PBS, the samples were then incubated with rabbit polyclonal anti-human PELP1 antibody (1:500), mouse anti-human ERα antibody (1:60), or rabbit anti ERβ (1:60) for 1 h in a humid chamber. After washing with PBS, the sections and coverslips were overlaid with Dako REAL EnVision HRP rabbit/mouse antibody at 37˚C for 30 min. The sections and coverslips were then counterstained with hematoxylin. Positive reactions were detected by incubating the slides with 3,3'-diaminobenzidine tetrahydrochloride for 1 min. The immunocytochemical results were evaluated by a pathologist.
Construction and transfection of short hairpin (shRNA) lentivirus vectors. DNA template oligonucleotides corresponding to the PELP1/MNAR gene (GenBank NM_014389) were designed (28) and synthesized. The targeted sequences were: PELP1/MNAR-shRNA, 5'-GGACCAAGGTGTATGCG ATAT-3'; the sequence was inserted into the AgeI and EcoRI enzyme sites of the pGCSIL-GFP vector. The negative control (NC) sequences were 5'-TTCTCCGAACGTGTCACGT-3' . The lentiviral particles were produced using a Lentiviral Vector Expression System (Auragene, Changsha, China). Briefly, the vectors with helper plasmids were transfected into 293T cells using the calcium phosphate transfection method. The supernatant containing lentiviral particles was collected and concentrated by ultracentrifugation. The condensed lentiviral particle solution was tittered on 293T cells with the final titer ~5x10 8 TU/ml. For transfection, 2x10 5 cells/well were seeded in a 6-well plate for 24 h. Cells were then transfected with lentivirusmediated shRNA targeting PELP1/MNAR or negative control lentivirus vector. The multiplicity of infection (MOI) was 50. Cells transfected with lentivirus-mediated shRNA targeting PELP1/MNAR, negative control and with no transfection were named Ishikawa-KD, Ishikawa-NC and Ishikawa-CON cells, respectively. The transfection efficiency was evaluated by fluorescence microscopy and flow cytometry.
Real-time PCR. Total RNA was isolated from the cells using TRIzol (Invitrogen) according to the manufacturer's instructions. First-strand cDNA was synthesized using a PrimeScript™ RT reagent kit (Perfect Real-Time; Takara, Beijing, China). The reverse transcription (RT) reaction mixture for first-strand cDNA synthesis included 5X PrimeScript™ Buffer 2 µl, PrimeScript™ RT Enzyme mix I 0.5 µl, Oligo(dT) primer 25 pmol, random 6 mers 50 pmol, total RNA 500 ng and RNase free dH 2 O in a final volume of 10 µl. The samples were placed on ice before reverse transcription. Then tubes were incubated for 15 min at 37˚C, 5 sec at 85˚C and then chilled to 4˚C.
PCR was carried out in a 20 µl final volume containing the following: 2 µl cDNA diluted in RNase-free water; 10 µl SYBR premix Ex Taq; the antisense and sense primers 0.5 µl separately; ROX Reference dye II (50X) 0.4 µl and dH 2 O in order to reach a 20 µl final volume. After an initial denaturation step at 95˚C for 30 sec, temperature cycling was initiated. Each cycle consisted of denaturation at 95˚C for 3 sec and elongation at 60˚C for 30 sec. A total of 40 cycles was performed. The fluorescent signal was acquired at the end of the elongation step. Real-time PCR was performed in a ABI 7500 Fast Real-Time PCR System (Applied Biosystems, Foster City, CΑ, USA) with specific real-time PCR primers for each gene (Table I) . Results were normalized to the actin transcript levels and the difference in fold-expression was calculated using the ∆∆CT method. The results were representative of 3 independent experiments. Data are shown as the means ± SD. The primers for PELP1/MNAR, β-actin, and MMPs are shown in Table I .
Cell proliferation assays. The cell viability and proliferation were measured by a 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Sigma, USA). Seven days after the transfection the 3 types of Ishikawa cells were seeded into 5 96-well culture plates at 3.0x10 3 /well, with each group consisting of 5 parallel wells. After 24 h, the cells were treated with or without E2 (10 -9 mol/l). For the following 5 days, 20 µl MTT (5 mg/ml) were added to each well and the cells were incubated at 37˚C for an additional 4 h. The reaction was terminated by lysing the cells with 150 µl DMSO for 10 min. Absorbance was measured at 490 nm using a microplate reader (Bio-Tek, Winooski, VT, USA). Cell growth curves were drawn by the mean optical density (OD) values.
In vitro anchorage-dependent colony-forming assay. Five days after the transfection, the 3 types of Ishikawa cells were plated in 10-cm culture dishes at a density of 3x10 3 /dish, respectively. After 24 h, the cells were treated with or without E2 (10 -9 mol/l). The cells were fed every 2 days, and the foci of the transformed cells were counted after 14 days. The cells were stained with crystal violet and visible colonies were manually counted. The data are representative of 3 independent experiments performed in triplicate.
Cell migration and invasion. Cell migration and invasion assays were all performed in a 24-well, Transwell chamber with a 8.0-µm pore membrane (Corning, Corning, NY, USA). For the cell migration assay, 3 types of Ishikawa cells (5x10 4   ) were seeded in the upper chamber with serum-free medium, and 0.75 ml of complete growth medium containing 10% fetal bovine serum with or without E2 (10 -9 mol/l) was added to each well in the lower chamber (21) . For the invasion assays, the upper chambers were coated with 20% Matrigel (100 µl/ well) (BD Biosciences, San Diego, CA, USA). The cells were then seeded in the chamber at 1x10 5 /well and treated as described above. After 24 h of incubation at 37˚C in a 5% CO 2 atmosphere, cells on the upper side of the chamber were removed and cells invaded to the lower side were fixed, stained and counted in 10 random fields at magnification, x100.
Statistics analysis. All assays were conducted 3 times and found to be reproducible. Data are expressed as the means ± SD. Comparisons among the groups were performed with the one-way analysis of variance (ANOVA) test with Bonferroni's correction for multiple comparisons. All statistical analyses were performed by using SPSS 13.0. A P-value <0.05 was considered to indicate a statistically significant difference.
Results

Expression profile of PELP1/MNAR in endometrial cancer cell lines.
To determine whether PELP1/MNAR plays a role in endometrial cancer, we first measured the PELP1/MNAR expression in 5 commonly used endometrial cancer cell lines (Ishikawa, HEC-1A, AN3CA, HEC-1B and RL-952) and cervical cancer HeLa cells using western blot analysis. The results revealed that PELP1/MNAR was widely expressed in all the cell lines (Fig. 1) . We then used immunocytochemistry to detect PELP1/MNAR as well as ERα and ERβ expression and location in the Ishikawa, HEC-1A and AN3CA endometrial cancer cells, and found that the expression of ERα and ERβ varied among the cells. Ishikawa cells were ERα-positive, HEC-1A cells were ERβ-positive, whereas ERα and ERβ expression was low/undetectable in AN3CA cells (Fig. 2) . However, all the cell lines were stained with PELP1/ MNAR and the protein was mostly located in the nucleus, which implies a potentially important role for PELP1/MNAR in endometrial cancer. Therefore, we further investigated the effects of PELP1/MNAR suppression on the Ishikawa endometrial cancer cell line and the signaling pathway involved. 
Downregulation of PELP1/MNAR mRNA and protein expression in Ishikawa cells after lentivirus transfection.
To examine the function of endogenous PELP1/MNAR in endometrial cancer cells, we selectively knocked down the endogenous PELP1/MNAR expression using shRNA methodology. The fluorescent microphoto indicated that transfection was successful (Fig. 3) . Additionally, flow cytometry analysis showed that the transfection efficiency was above 80%. After 5 or 7 days of tranfection, the silencing effect was examined by real-time PCR and western blot analysis in the mock and stably transfected Ishikawa cells. As shown in Fig. 4 , compared with the mock-transfected Ishikawa cells, the levels of PELP1/MNAR mRNA and protein in Ishikawa-KD cells were significantly reduced by 86 and 65%, respectively (P<0.05); however, there was no significant difference between the Ishikawa-NC and Ishikawa-CON cells. These results confirmed the efficacy of lentivirus-mediated PELP1/MNARspecific shRNA in downregulating endogenous PELP1/MNAR expression.
PELP1/MNAR downregulation inhibits cell proliferation.
To further analyze the effect of PELP1/MNAR downregulation on the proliferation of Ishikawa cells, we measured the proliferation rate of Ishikawa, Ishikawa-NC and Ishikawa-KD cells with or without 17β-E2 by MTT. The results showed that the proliferation of the Ishikawa-KD cells decreased in a timedependent manner compared with the parental cells and that the effect of PELP1/MNAR downregulation on cell proliferation was more pronounced when 17β-E2 was added (Fig. 5) . We then analyzed the anchorage-dependent growth using a colony-forming assay. Similarly, Ishikawa-KD cells showed fewer colonies than Ishikawa-CON and Ishikawa-NC cells, with or without E2 (10-9 M) treatment; however, there was no difference between the Ishikawa-NC and Ishikawa-CON cells (Fig. 6 ).
PELP1/MNAR downregulation reduces cell migration and invasion.
To further examine whether the downregulation of PELP1/MNAR in Ishikawa cells reduces their migratory potential, we examined Ishikawa, Ishikawa-NC, Ishikawa-KD cells using Boyden chamber assay. Compared to the control cells, the knockdown of PELP1/MNAR in Ishikawa cells resulted in significantly reduced cell motility (Fig. 6) . Moreover, the accelerated cell migratory effect of E2 was blocked in the Ishikawa-KD cells. The downregulation of PELP1/MNAR in the Ishikawa cells also significantly reduced the invasive potential, as shown by Boyden chamber assay (Fig. 7) and more importantly, abolished the E2-enhanced invasion (P<0.05). These results suggest that PELP1/MNAR plays an important role in cell invasion. To further understand the mechanism involved, we examined the expression of matrix metalloproteinase (MMP)-2 and MMP-9 to investigate whether PELP1/MNAR downregulation altered the expression of MMPs. MMPs promote cancer progression by enhancing the growth, migration, invasion and metastasis of endometrial cancer cells. Total RNA isolated from Ishikawa, Ishikawa-NC and Ishikawa-KD cells was used for real-time PCR and the results suggested that PELP1/MNAR downregulation substantially reduced the expression of MMP-2 and MMP-9 compared to their expression in the control cells (Fig. 8) .
Discussion
Although estrogen and ER signaling is considered the classic etiological factor for endometrial tumorigenesis, the modulation mechanisms of estrogen that are involved in endometrial cancer remain unclear. NR co-regulators (co-activators and co-repressors) are essential elements in regulating NR-mediated transcription and other cellular events. Disruptions in co-regulator biology may lead to pathological states, including cancer. NR-co-regulator proteins have the potential to be differentially expressed in malignant tumors, and their functions may be altered, leading to tumor progression. The role of NR co-regulators as proto-oncogenes is an emerging area in the field of cancer research and, thus, represents a potential area for therapeutic targeting (29, 30) . Several NR co-regulators reported to be misexpressed in endometrial cancer include amplified in breast cancer 1 (AIB1), metastasisassociated protein 1 (MTA1) and NR co-repressor (NcoR). The deregulation of PELP1/MNAR in endometrial carcinoma was also observed, which led us to hypothesize that PELP1/MNAR may play a role in endometrial carcinoma progression and that the downregulation of PELP1/MNAR may serve as a potential target for therapy.
To examine this hypothesis, we chose 5 endometrial cancer cell lines to investigate the expression of PELP1/MNAR, and found that PELP1/MNAR was widely expressed in endometrial cells, even in ER-negative cells, and the protein was mostly located in the nucleus. A recent study also showed that PELP1 expression was retained in ER-negative breast tumors. PELP1 knockdown reduced the motility and metastatic potential of ER-negative breast cancer cells in vivo and significantly reduced lung metastatic nodules in a xenograft assay. Their results suggested that PELP1 has potential to participate in hormone-driven pathologies and plays a role in the initiation and progression of ER-negative breast cancer (31). Whether or not PELP1 contributes to ER-negative endometrial carcinoma progression is yet to be determined; thus, further research is required. We then employed the newly developed lentivirus vector encoding shRNAs against PELP1/MNAR, which has high transfection efficiency and long duration resulting in stable ablation. After transfection, the endogenous expression of PELP1/MNAR was significantly knocked down in the commonly used endometrial carcinoma cell line, Ishikawa, in order to explore its role on the proliferation, invasion and metastasis of endometrial carcinoma cells.
Earlier studies have demonstrated that PELP1/MNAR is essential for the E2-mediated cell proliferation in several hormone-related cancers, including endometrial cancer. Mechanistic studies showed that PELP1/MNAR plays a permissive role in E2-mediated cell cycle progression by enhancing E2 mediated G1-S progression in breast cancer cells (32) . A more recent study revealed that PELP1/MNAR is a novel substrate of interphase cyclin-dependent kinases (CDKs) and that its phosphorylation is important for the proper function of PELP1/ MNAR in modulating hormone-driven cell cycle progression and also for optimal E2F transactivation function in breast cancer (33) . In our study, the downregulation of PELP1/MNAR was accompanied by a significant suppression in the ability of estrogen to stimulate the growth of Ishikawa cells, as well as the basal proliferation without the addition of E2.
Evidence has shown that PELP1/MNAR also plays a role in cancer metastasis. PELP1/MNAR expression is deregulated in metastatic tumors (26, 31, 34) . PELP1/MNAR protein expression is an independent prognostic predictor of shorter breast cancer-specific survival, and its elevated expression is positively associated with markers of poor outcome (26) . PELP1/MNAR plays a critical role in ovarian cancer cell migration and modulates the expression of several genes involved in metastasis (34) , while its function in endometrial cancer remains unclear. In the present study, we found that the knockdown of PELP1/MNAR substantially affected the ability of endometrial cancer cells to migrate and invade, as shown by Boyden chamber assay. MMPs are a family of structurally related zinc-and calciumdependent endopeptidases that degrade extracellular matrix components. MMP-mediated proteolysis is involved in various physiological and pathological processes, such as cancer invasion and metastasis. MMP-2 and MMP-9 contribute to tumor invasion. Tumor invasion and angiogenesis are impaired by the combined deficiency in both metalloproteinases (35) . Our results provide evidence that the production of MMP-2 and MMP-9 was also decreased with PELP1/MNAR knockdown, which contributed to the inhibition of Ishikawa cell invasion.
Taken together, our study provides evidence that the downregulation of PELP1/MNAR inhibits the proliferation and metastasis of endometrial cancer cells in both an estrogendependent and estrogen-independent manner. The findings suggest that PELP1 may be used as a potential therapeutic target in endometrial cancer. Future study of the in vivo mechanisms of PELP1/MNAR activity and profile of the expression of PELP1/MNAR in a large number of tumor samples would confirm the use of this novel ER-co-regulatory protein as a diagnostic marker and as a target for novel therapies.
